We explore scalar dark matter (DM) that is part of a lepton flavor triplet satisfying symmetry requirements under the hypothesis of minimal flavor violation. Beyond the standard model, the theory contains in addition three right-handed neutrinos that participate in the seesaw mechanism for neutrino mass generation. The DM candidate couples to standard-model particles via Higgs-portal renormalizable interactions as well as to leptons through dimension-six operators, all of which have minimal flavor violation built-in. We consider restrictions on the new scalars from the Higgs boson measurements, observed relic density, DM direct detection experiments, and searches for flavor-violating lepton decays. The viable parameter space can be tested further with future data. Also, we investigate the possibility of the scalar couplings accounting for the tentative hint of Higgs flavor-violating decay h → µτ recently detected in the CMS experiment. They are allowed by constraints from other Higgs data to produce a rate of this decay roughly compatible with the CMS finding.
I. INTRODUCTION
It is now widely accepted that dark matter (DM) exists in the Universe. Many observations have led to the inference that DM makes up almost 27% of the cosmic energy density budget [1] . In spite of the evidence, however, the identity of the basic constituents of DM has continued to be elusive, with the data suggesting that new physics beyond the standard model (SM) is needed to account for it [2] .
The necessity for invoking new physics is even more obvious in the treatment of neutrinos. Since they stay massless in the SM, it cannot explain the numerous measurements of nonzero neutrino mass and mixing [1] . Another longstanding and related conundrum is whether neutrinos are Dirac or Majorana particles.
In the absence of clear empirical guidance about how to address these problems, it is of interest to explore various possibilities. Among the most appealing are models that link the DM and neutrino sectors in such a way that solves the puzzles in an interconnected or unified manner. In this paper, we explore a scenario along a similar line, where DM carries lepton-flavor quantum numbers and its interactions have some linkage to what makes neutrinos massive. To make the neutrino connection, we adopt the framework of so-called minimal flavor violation (MFV) .
Motivated by the fact that the SM has been very successful in describing the existing data on flavor-changing neutral currents and CP -violating processes in the quark sector, the MFV hypothesis postulates that Yukawa couplings are the only sources for the breaking of flavor and CP symmetries [3] [4] [5] . Its application to the study of DM carrying quark-flavor quantum numbers was first proposed in Ref. [6] . The stability of the quark-flavored DM is due to the presence of an accidental discrete symmetry which is an element of the combined color and quark-flavor group under the MFV assumption [7] .
Although the implementation of MFV for quarks is straightforward, there is no unique way to extend the notion of MFV to the lepton sector, as the SM by itself does not accommodate lepton-flavor violation. Since significant flavor mixing among neutrinos has been measured, it is interesting to formulate MFV for leptons by incorporating ingredients beyond the SM that can account for this observation [5] . Thus, here we consider the SM slightly expanded with the addition of three right-handed neutrinos plus a lepton-flavor triplet of scalar fields which has transformation properties satisfying the MFV principle and contains DM of the popular weakly interacting massive particle (WIMP) type. The right-handed neutrinos allow us to activate the usual type-I seesaw mechanism which results in Majorana neutrinos with small masses [8] . We will not focus on the less interesting possibility of Dirac neutrinos. Another difference from the quark case is that MFV does not in general lead to longevity for lepton-flavored DM because of lack of a counterpart of the accidental symmetry which keeps quark-flavored DM stable [7] . Therefore, to ensure the stability of our DM candidate we impose a Z 2 symmetry under which the triplet scalars are odd and other particles even.
In the next section, we briefly review the MFV framework in the lepton sector. In Section III, we describe the Lagrangians with MFV built-in for the scalar triplet. We assign its quantum numbers in analogy to its quark-flavor counterpart discussed in the literature [6, 9] . Accordingly, the triplet can interact with SM particles via a Higgs-boson portal at the renormalizable level and also couple to SM leptons through effective dimension-six operators. Section IV contains our numerical analysis. We explore constraints on the two types of DM-SM interactions from the Higgs boson data, observed relic density, DM direct detection experiments, and searches for flavor-violating charged lepton decays. In addition, we examine whether the new scalars' interactions can explain the recent potential indication from the CMS experiment of the Higgs flavor-violating decay h → µτ which would be an unmistakable signal of physics beyond the SM if confirmed by future measurements. We make our conclusions in Section V.
II. MINIMAL LEPTON FLAVOR VIOLATION FRAMEWORK
In the SM supplemented with three right-handed neutrinos, the renormalizable Lagrangian for lepton masses can be written as
where k, l = 1, 2, 3 are summed over, L k,L represents left-handed lepton doublets, ν l,R (E l,R ) denotes right-handed neutrinos (charged leptons), Y ν,e are matrices for the Yukawa couplings, H is the Higgs doublet,H = iτ 2 H * , and M ν is the Majorana mass matrix for ν l,R . The M ν part is essential for the type-I seesaw mechanism to generate light neutrino masses [8] .
If neutrinos are Dirac fermions, the M ν terms are absent from Eq. (1), and the MFV hypothesis [5] then implies that L m has formal invariance under the global group U(3)
whereas the Yukawa couplings transform in the spurion sense according to
Taking advantage of the symmetry under G ℓ , we work in the basis where
with v ≃ 246 GeV being the vacuum expectation value of H, and the fields ν k,L , ν k,R , E k,L , and E k,R refer to the mass eigenstates. We can then express L k,L and Y ν in terms of the PontecorvoMaki-Nakagawa-Sakata (PMNS [10] ) neutrino mixing matrix U PMNS as
where m 1,2,3 are the light neutrino eigenmasses and in the standard parametrization [1] U PMNS = 
with δ being the CP violation phase, c kl = cos θ kl , and s kl = sin θ kl .
If neutrinos are Majorana in nature, Y ν must be modified. The presence of M ν in Eq. (1) with nonzero elements much bigger than those of vY ν / √ 2 activates the seesaw mechanism [8] ,
III. LEPTON-FLAVORED DARK MATTER
The new sector of the theory also includes three complex scalar fields which are singlet under the SM gauge group and constitute a triplet under
To maintain the longevity of its lowest-mass eigenstate as the DM candidate, we invoke a Z 2 symmetry under whichs is odd and other particles are even. 3 This will disallow G ℓ -invariant interaction terms involving odd numbers ofs ( * ) k that could cause the DM state to decay. It follows that the renormalizable Lagrangian for the interactions of the scalar fields with one another and the SM gauge bosons is given by
with h being the physical Higgs field. The expression for µ 2 s (∆ HS,SS ) has the form in Eq. (11) up to an overall factor with mass dimension 2 (0), and hence the parameters µ With A being Hermitian, we have the relation A = U diag Â 1 ,Â 2 ,Â 3 U † where U is a unitary matrix andÂ k denotes the eigenvalues of A. Accordingly, the matrices sandwiched betweens † ands in Eq. (14) can be simultaneously diagonalized. It follows thats k are related to the mass eigenstates S k by
in terms of which
where summation over k is implicit,
2 Lepton flavor triplets with DM components have also been considered in the contexts of other models [14] .
3 Outside the MFV framework, it is possible to have a DM stabilizing Z 2 symmetry that is a remnant of a lepton flavor group [15] .
Since µ 2 si and λ
si are free parameters, so are m S k > 0 and λ
k . There are, however, theoretical restrictions on λ (′) k as well as λ H . The stability of the vacuum requires V to be bounded from below, which entails λ H > 0, λ ′ k 2 > 0, and
, the second inequality being automatically satisfied by the reality of λ ′ k . The condition of perturbativity [16] translates into |λ H,k | < 4π and (λ
The λ k part in Eq. (17) is responsible for the Higgs-portal interactions of the new scalars with SM particles. As we detail later, in this paper we select S 3 to be less massive than S 1,2 and serve as the DM candidate. In addition, we pick the S 1,2 masses to be sufficiently bigger than m S 3 in order that their impact on the relic density can be ignored. In that case, λ 3 controls the Higgs-mediated annihilations of the DM into SM particles, its scattering off a nucleon via Higgs exchange, and also the Higgs nonstandard invisible decay if the S 3 mass is low enough. All of these processes are subject to constraints from various recent data.
Because of their flavor quantum numbers in Eq. (12), the new particles cannot have renormalizable contact interactions with SM fermions. Rather, under the MFV framework supplemented with the DM stabilizing Z 2 symmetry, S k can couple with SM leptons due to effective operators of dimension six given by
where
We have dropped terms in C R that are suppressed by two powers of Y e . Since the right-handed neutrinos have masses far exceeding the TeV level, we do not include operators involving them in L ′ . The mass scale Λ characterizes the heavy new physics underlying these interactions and also responsible for the Lorentz and flavor structure of the operators. Specifically, O L,R (O LR ) could arise from the exchange of a spin-one boson (scalar or fermion), and so Λ would depend on its couplings and mass. The ∆'s in C L,R,LR above are of the same form as in Eq. (11), but have generally different coefficients ξ's. These ξ's are expected to be at most of O (1), but some of them may be suppressed or vanish, depending on the underlying theory. In our model-independent approach with MFV, we single out a few of them in order to illustrate some of the phenomenological implications. 4 Without the Z 2 symmetry, the DM candidate could undergo rapid decay triggered by effective operators involving odd numbers ofs, such as 2, 3 are of the form in Eq. (11) with their respective coefficients ξ's. 5 The counterparts of O L,E withs * k ↔ ∂ ρsl replaced bys * k ∂ ρs l + ∂ ρs * ksl are not independent and can be expressed in terms of O LR( †) after partial integration and use of the lepton equations of motion [17] .
IV. NUMERICAL ANALYSIS
With S 3 being the DM, the cross section σ ann of S 3 S * 3 annihilation into SM particles needs to yield the present-day DM density Ω. The two quantities are approximately related by [18] Ωĥ 2 = 2.14 × 10
whereĥ stands for the Hubble parameter, m Pl = 1.22 × 10 19 GeV is the Planck mass, g * is the number of relativistic degrees of freedom below the freeze-out temperature T f = m S 3 /x f , andâ andb are defined by the expansion of the annihilation rate σ ann v rel =â +bv 2 rel in terms of the relative speed v rel of the nonrelativistic S 3 S * 3 pair in their center-of-mass frame. The Ω expression takes into account the fact that the DM is a complex scalar particle.
A. Higgs-portal interactions
The S 3 contributions to σ ann originate mainly from the λ 3 term in Eq. (17) as well as from the dimension-6 operators in Eq. (19) . We consider first the possibility that the latter are absent. The λ 3 coupling gives rise to Higgs-mediated S 3 S * 3 collisions into SM particles, just as in the case of the SM-singlet scalar DM [19, 20] . The resulting annihilation rate in the nonrelativistic limit is dominated by itsâ part,
where m h is the mass of the Higgs boson, Γ h is its total width Γ SM h in the SM plus the rates of the decays h → S k S * k to be discussed below,h is a virtual Higgs boson having the same couplings as the physical h, but with the invariant mass √ s = 2m S 3 , andh → X i is any kinematically allowed decay mode ofh. For m S 3 > m h , the S 3 S * 3 → hh reaction can happen, due to s-, t-, and u-channel as well as contact diagrams, and hence needs to be included inâ. Numerically, we employ m h = 125.1 GeV, which reflects the average of the most recent measurements [21, 22] , and Γ SM h = 4.08 MeV [23] . Once the λ 3 values which reproduce the observed relic abundance are extracted, they need to fulfill important restrictions which we now address.
A number of underground experiments have been performed to detect WIMP DM directly by looking for the recoil energy of nuclei caused by the elastic scattering of a WIMP off a nucleon, N. Our process of interest is S ( * ) 3 N → S ( * ) 3 N which proceeds mainly via Higgs exchange in the t channel and hence depends on λ 3 as well. Its cross section is
in the nonrelativistic limit, where m N is the nucleon mass and g N N h denotes the Higgs-nucleon effective coupling whose value is within the range 0.0011 ≤ g N N h ≤ 0.0032 [20] . The null result of searches by the LUX experiment [24] translates into the strictest limit to date on σ el .
If m S k is less than half of the Higgs mass, the nonstandard decay channel h → S k S * k is open. This leads to the branching ratio
where the summation is over final states satisfying 2m S k < m h and from Eq. (17) Γ h→S *
The couplings λ k are thus subject to restrictions on the Higgs invisible or non-SM decay modes from collider data.
To determine the λ 3 values that are consistent with the observed relic density, we apply the relevant formulas described above and impose 0.1155 ≤ Ωĥ 2 ≤ 0.1241 which is the 90% confidence level (CL) range of the data Ωĥ 2 = 0.1198 ± 0.0026 [1] . In Figure 1 we display the result (green solid curve) for m S 3 ≥ 10 GeV. It needs to be compared with the red dashed curve, which represents the upper limit on |λ 3 | inferred from the null result reported by the LUX Collaboration [24] . To arrive at this curve, we used Eq. (23) with g N N h = 0.0011, which is the lower end of its range and thus leads to the loosest limit on |λ 3 | from the most stringent of DM direct searches to date. For 2m S 3 < m h , the experimental information on the Higgs nonstandard invisible decay implies further restraints. Assuming that the channels h → S 1 S * 1 , S 2 S * 2 are absent, we have plotted the black dotted curve upon demanding B h → S * S < 0.19 based on the bounds from the latest analyses of collider data [25] . The opening of the S 1,2 S * 1,2 channels would cause the dotted curve to shift down.
From the figure, one can infer that the λ 3 contribution to the annihilation rate is much less than half of the required amount if m S 3 < 90 GeV, except the neighborhood of m S 3 = m h /2. In other words, over most of this mass region the λ 3 term in Eq. (17) cannot play the leading role responsible for the observed relic abundance. Therefore, the dominant contribution must come from the effective interactions in Eq. (19) , absent other DM candidates. For larger m S 3 , on the other hand, each of the two sources can generate a nonneglible effect on the relic density.
B. Effective DM-lepton interactions
The effective operators in Eq. (19) induce DM annihilations into SM leptons and are subject to constraints which may not apply to the Higgs-S k renormalizable couplings. From Eq. (20), we derive the amplitudes for the DM annihilation
where u b and v d are the leptons' spinors, P L,R = 1 2
1 ∓ γ 5 , and
Their contributions to the annihilation rate σ ann v rel =â +bv 
where K(x, y, z) = x 2 + y 2 + z 2 − 2(xy + yz + xz) and summation over o, r = 1, 2, 3 is implicit, to include all the final lepton states. For 2m
h, but its impact can be neglected in our m S 3 range of interest. Since the ∆'s in Eq. (20) contain many free parameters, to proceed we need to make more specific choices regarding C LR,L,R bdkl . For simplicity, we adopt
with κ LR,L,R being real constants. From Eq. (27) and the unitarity of U, we then have
We also need to specify the S k masses. Among the different ways to realize A in Eq. (10), we concentrate on the least complicated possibility that the right-handed neutrinos ν k,R are degenerate, with M ν = M1 1, and O is a real orthogonal matrix, in which case
With A = U diag Â 1 ,Â 2 ,Â 3 U † , this implies that
The S k mass formula in Eq. (18) then becomes
indicating that the pattern of S k masses is connected to the mass hierarchy of the light neutrinos. For definiteness, we pick
Thus a normal hierarchy of neutrino masses, m 1 < m 2 ≪ m 3 , would cause S 1,2 to be close in mass and lighter than S 3 , implying that at least both S 1,2 determine the DM density. As stated earlier, here we examine the simpler scenario with the inverted hierarchy of neutrino masses, m 3 ≪ m 1 < m 2 , so that only S 3 is the DM and the heavier S 1,2 have negligible effects on the relic abundance. For numerical computations below, we need to know the elements of U as well as the light neutrino eigenmasses. We employ the central values of the parameter ranges 
from a recent fit to the global data on neutrino oscillation [26] in the case of inverted hierarchy of neutrino masses. Since empirical information on the absolute scale of m 1,2,3 is still far from precise [1] , we set m 3 = 0. Requiring the largest eigenvalue of A in Eq. (31) to be unity, we then get M = 6.15 × 10 14 GeV. Applying these mass numbers and Eq. (34) in Eq. (33) results in m S 1 ≃ 1.7m S 3 and m S 1 ,S 2 differing by ∼ 0.8%.
We can now extract the values ofΛ = Λ/|κ ǫ | 1/2 that fulfill the relic density requirement using Eq. (28) with the couplings given in Eq. (30). Assuming that only one of κ LR,L,R is nonzero at a time and that the λ 3 contributions evaluated earlier are absent, we present the results in Figure 2 . The curve for ǫ = LR arises fromâ in Eq. (28), with the contribution fromb having been neglected, whereas the ǫ = L or R curve comes fromb alone.
6 If the λ 3 contributions are also present and nonnegligible, and if they do not cancel the effective-coupling contributions in the ℓ − k ℓ + k channels, there will be less room for each of the two sources, which will push thẽ Λ curves upward. On the lower right portion of the plot, we have also drawn an orange area, which satisfies 2πΛ < m S 2 for the parameter choices in Eq. (34) and the preceding paragraph. This region corresponds to the parameter space where the effective field theory description is no longer valid [27] .
There is another restraint from DM data that should be mentioned. For m S 3 < 20 GeV, the predicted annihilation rate for the τ + τ − final-state is in some tension with upper limits inferred from searches for DM signals in diffuse gamma-ray data from the Fermi Large Area Telescope observations of dwarf spheroidal satellite galaxies of the Milky Way [28] .
The ℓℓ ′ SS ′ couplings from the dimension-6 operators can give rise to the flavor-changing decay ℓ
via one-loop diagrams involving internal S k,l if at least one of the couplings is flavor violating. Such decays have been searched for over the years, but with null results so far, leading to increasingly severe bounds on their branching ratios. Consequently, their data may translate into substantial restrictions on the couplings.
We assume as before that only one of the C couplings in Eq. (20) is nonzero at a time. Since C R conserves flavor, C LR and C L as specified in Eq. (29) are pertinent. Thus we can express the amplitudes for ℓ
where k, l, p, q, r, s = 1, 2, 3 are summed over and and I and J are loop functions. With the choices of C LR,L in Eq. (29), we arrive at
where we have dropped terms that vanished after k is summed over in Eqs. (36) and (37) due to a = b, c, d and the unitarity of U. We have also taken the cutoff in the loop integration to be the same as the scale Λ and neglected the momenta of the external particles.
Upon comparing the resulting branching ratio of ℓ 
which is consistent with the LR curve in Figure 2 . This is mainly due to the enhancement from the lepton mass factor in the rate of τ − → µ − µ − µ + , as can be seen from the expressions for
If instead only C L in Eq. (29) is present, B µ − → e − e − e + exp turns out to impose the most stringent constraint among these decays in the m S 3 50 GeV region, whereas for lower masses
is the most restrictive. The formulas for their rates are also listed in the Appendix. In Figure 3 we depict the resulting lower-limits on Λ. In this case, we set κ L = 1 due to the lnΛ dependence of the µ − → e − e − e + rate. The plot reveals that above m S 3 ∼ 500 GeV the Λ values consistent with the observed relic density are in conflict with the bound from the µ − → e − e − e + data. compared to the lower limits on Λ from µ − → e − e − e + (red solid curve) and τ − → µ − µ − e + (red dashed curve). In the orange region, the effective field theory approach breaks down.
C. Flavor-violating Higgs decay
The recently discovered Higgs boson can potentially offer a window into physics beyond the SM. The presence of new particles can bring about modifications to the standard decay modes of the Higgs and/or cause it to undergo exotic decays [29] . As data from the LHC continues to accumulate with increasing precision, they may uncover clues of new physics in the Higgs couplings.
The CMS Collaboration [30] has recently reported the detection of a slight excess of h → µ ± τ ∓ events with a significance of 2.5σ. If interpreted as a signal, the result corresponds to a branching fraction of
−0.37 %, but as a statistical fluctuation it translates into a limit of B(h → µτ ) < 1.57% at 95% CL [30] . It is too early to draw a definite conclusion from this finding, but it would constitute clear evidence of physics beyond the SM if confirmed by future measurements. Assuming that the tentative signal hint is true, we investigate whether the S k interactions could effect such an exotic Higgs decay within the allowed parameter space.
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One can write the amplitude for h → ℓ
corresponding to the rate
where y SM bd = δ bd in the SM at tree level and y new bd stands for the new contribution. The main contribution to y new bd originates from a one-loop diagram involving internal S k , one hS k S k vertex from the renormalizable Lagrangian in Eq. (17) , and one S k S k ℓℓ ′ vertex from a dimension-six operator in Eq. (19) . It turns out that for the latter coupling only O LR matters, as the loop contributions of O L,R vanish. Thus, focusing on the case in which m h < 2m S k and C LR is given by Eq. (29), we obtain
where summation over k = 1, 2, 3 is implicit and we have again taken the cutoff in the loop integration to be the same as Λ. The S k S k ℓℓ ′ coupling alone can generate one-loop contributions to the off-diagonal elements of the charged-lepton mass matrix, but we estimate their impact on its eigenvalues to be small. Therefore, y new bd in Eq. (42) is largely unaffected as the leading contribution of S k to h → ℓ
(42), we need to take into account the relevant data. The ATLAS and CMS Collaborations have reported the observations 7 The CMS excess has also been addressed in the contexts of other new-physics scenarios [31] .
of h → τ + τ − and measured its signal strength to be σ/σ SM = 1.42
−0.38 and 0.91 ± 0.27, respectively [22, 32] . In contrast, the only experimental information on h → µ + µ − are the bounds B(h → µμ) < 1.5 × 10 −3 and 1.6 × 10 −3 from ATLAS and CMS, respectively [33, 34] . In view of these data, we demand the S k contributions to respect , 78), we obtain the same B(h → µτ ) range if −2.9 < λ 1 < −2.4. All these numbers correspond to 1.6 < Γ h→ττ /Γ SM h→ττ < 1.8 and 1.8 < Γ h→µμ /Γ SM h→µμ < 2.0, which conform to the conditions in Eq. (43) and are therefore testable soon with forthcoming data from the LHC. Moreover, we determine that Γ h→eτ = 0.053 Γ h→µτ . Although the preferred values of |λ 1,2 | seem to be sizable, they are still below the perturbativity limit of 4π mentioned earlier. It is worth noting that the y new µτ,τ µ m τ /v numbers above are below the upper limit of 0.016 inferred from the measured bound on the τ → µγ decay [35] .
We have seen from the limited exercises performed in this paper that the MFV framework offers a systematic way to explore potential relations between DM, neutrinos, and the Higgs boson through a variety of processes which can be checked experimentally. More sophisticated choices of the coefficients C L,R,LR than those in Eq. (29) would then allow the examination of a greater number of leptonic observables.
V. CONCLUSIONS
We have considered DM which is a singlet under the SM gauge group and a member of a scalar triplet under the lepton flavor group. The triplet is odd under an extra Z 2 symmetry which renders the DM candidate stable. We apply the MFV principle to all the lepton-flavored particles in the theory which includes three right-handed neutrinos taking part in the seesaw mechanism for neutrino mass generation. The new scalars couple to SM particles via Higgsportal renormalizable interactions and dimension-six operators involving leptons. The MFV framework allows us to make interesting phenomenological connections between the DM, Higgs, and lepton sectors. We examine restrictions on the new scalars from the Higgs boson data, observed relic density, DM direct searches, and experimental bounds on flavor-violating lepton decays. We obtain viable parameter space that can be probed further by future experiments. Our simple choices of the new scalars' effective couplings illustrate how various data can constrain them in complementary ways. We also explore whether the scalar interactions can account for the tentative hint of the Higgs flavor-violating decay h → µτ recently detected in the CMS experiment. Their contributions, occurring at the one-loop level, can give rise to a decay rate compatible with the CMS finding and at the same time fulfill requirements from other Higgs data. If it is not confirmed by upcoming measurements, the acquired data will place stronger limitations on the considered scenario of lepton-flavored DM with MFV.
upon making the approximation m S 1 = m S 2 .
Similarly, the rate of ℓ ′− → ℓ
For µ − → e − e − e + and τ − → µ − µ − e + , we get, respectively,
